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The  Wenzel  model  is widely  accepted  in  understanding  the  roughness-induced  hydrophobicity  or
hydrophilicity  of  a periodic  structure.  However,  the  present  Wenzel  model  is  insufﬁcient  for  estimat-
ing  the  absolute  value  of the contact  angle.  In our recent  work,  we  fabricated  silicon  test-pieces  with
nanometer  scale  periodic  structures.  The  purpose  of  this  paper  is  to enable  us to  quantitatively  predict
the  contact  angles  on  these  periodic  structures.  The  classical  Wenzel  equation  was  modiﬁed  to  extend  it
to  3-dimensional  structures.  Although  the  same  material  is used,  the  contact  angle  can  be controlled  over
◦
enzel model
eriodic structure
ontact angle
ydrophobicity
ydrophilicity
a range  of more  than  100 by  changing  the  dimensions  of  the  nano-periodic  structures.  The  results  for  the
contact  angles  calculated  from  the 3-dimensional  Wenzel  equation  using  a  modiﬁed  roughness  factor
agreed  well  with  the  results  measured  on  the  nano-periodic  structures.  We  also  clariﬁed  experimentally
the  threshold  levels  of  the pitch  and  depth  of  these  periodic  structures  for switching  the  wettability  from
hydrophobic  to hydrophilic.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
One of the ways to control the wettability of a solid sur-
ace is to increase the surface roughness [1]. Roughness-induced
ydrophobicity or hydrophilicity has become the subject of exten-
ive investigations. The macroscopically based models of Cassie
2,3] and Wenzel [4] are commonly used for this purpose. Numer-
us studies have been performed on liquid ﬂow for applications
uch as lab-on-a-chip and other medical devices [5–7].
The Cassie regime is applied when dealing with a heterogeneous
urface, and is described by the Cassie–Baxter equation. On the
ther hand, the Wenzel regime describes the homogeneous wet-
ing surface, and the equilibrium contact angle on a rough surface
s given by the Wenzel equation. Also the roughness factor, r, is
eﬁned as the ratio of the actual area of the rough surface to the
rojected area [8]. The validity of the Wenzel model for square cross
ection pillars has been repeatedly challenged by various research
roups [8–11]. The present Wenzel model accounts for trends in the
ontact angle compared with the experimental data. However, it is
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insufﬁcient for estimating the absolute value of the contact angle
[12].
In particular, the hydrophobicity function appears on the nano-
meter scale. To experimentally clarify this phenomenon, two
technologies are needed, one that enables fabrication of nano-
meter sized structures and one that enables measurements of these
structures. Photolithography is used in the nanofabrication of the
periodic structures. Deep-etching on the nanometer scale is also
needed. Reactive-ion etching (RIE) can be used for deep-etching
to transfer photoresist patterns into silicon wafers. Laser lithogra-
phy has enabled the minimum feature size in chip manufacturing
to shrink from 300 nanometers in 1990 to 100 nanometers and
below in 2010 [13]. Although the principle of laser microscopy
was originally patented by Minsky in 1957 [14], the system has
only been put to practical use in the 2000s. Additionally, scan-
ning probe microscopes originally proposed by Binnig [15], have
become widespread and are valuable for making nanometer scale
measurements.
In our recent work, we fabricated a range of nano-meter scale
periodic (nano-periodic) structures in silicon. The purpose of this
research is to modify the classical Wenzel equation to extend it
to 3-dimensional structures which will enable us to quantitatively
predict the contact angles of nano-periodic structures. The cal-
culated contact angles using the modiﬁed Wenzel equation were
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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r2, the contact angle of the smooth surface, , and the contact angleig. 1. Two dimensional Wenzel model and modiﬁed three dimensional Wenzel
odel for square cross section pillars.
ompared with the measured results on the nano-periodic struc-
ures.
. Materials and methods
.1. Expansion of the Wenzel relationship
The contact angle of a droplet on a solid surface with a peri-
dic structure is calculated from the Gibbs free energy, G, in
he Wenzel model. The Wenzel model uses a 2-dimensional (2-
) approximation for the droplet and the solid using cross sections
n one direction (x-axis, Fig. 1A). The solid surface is modeled as
 smooth surface with a periodic structure, S1, and as a surface
ithout a periodic structure, S2 (Table 1, : pitch, d: depth of the
illar, f1: width of the pillar, f2: spacing between the pillars). We
odiﬁed the Wenzel model to a 3-dimensional (3-D) model by cal-
ulating the change of free energy in cross sections in both the x-
nd y-directions (Fig. 1B). Thus, with this modiﬁcation, the area of
he solid surface used for the calculation is divided into a smooth
urface without a periodic structure, S3, and a surface with a peri-
dic structure, which is subdivided into a rough part, S4, and aFig. 2. Determination of ′ via calculation of the local minimum of the Gibbs free
energy.
smooth part, S5 (Table 1). The assumptions for wetting the ideal
surfaces are as follows: the circumferential diffusion of liquid is
negligible; the solid grooves are ﬁlled with liquid (Wenzel regime).
G3 of part S3 is expressed as follows (Fig. 2A):
G3 = SLS3 − SVS3 + LVS3 cos(′ + 3) (1)
where SL, SV, and LV are the surface tensions of the
solid–water, solid–air, and water–air interfaces, respectively
(LV = 72.8 × 10−3 mN/m;  water), and   is the change in the con-
tact angle.
Then, the change in free energy per unit area on a smooth surface
without a periodic structure, S3, is calculated as follows:
G3
S3
= SL − SV + LV cos(′ + 3) (2)
G4 of parts S4 and S5 is expressed as follows (Fig. 2B):
G4 = SLS4 − SVS4 + LVS5 cos(′ + 4) (3)
where 4 shows the change in contact angle when the droplet is
extended in the radial direction, x.
Similarly, the change in free energy per unit area on the surface
with a periodic structure, S4, is calculated as follows:
G4
S4
= SL − SV + LV
S5
S4
cos(′ + 4) (4)
By combining Eqs. (2) and (4), the following equation for the
relationship between the roughness of the solid (roughness factor),with a periodic structure, ′ can be derived:
cos ′ = 2S4
S4 + S5
= r2 cos  (5)
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Table  1
Geometric relationship between the 2-D and 3-D Wenzel models for a droplet on square cross section pillars.
Parameter 2-D model (usual model) 3-D model (modiﬁed model)
Smooth surface without periodic structure Surface with periodic structure
Shape of droplet
Change of surface energy, G  SLS1 − SVS1 + LVS2cos(′ + ) SLS3 − SVS3 + LVS3cos(′ + 1) SLS4 − SVS4 + LVS5cos(′ + 2)
Geometric model of each part
Roughness factor, r r1 = 
2+4f1d
2
[8–11] r2 = +2d+d
Theoretical equation cos ′ = r1 cos  cos ′ = r2 cos 
Table 2
The 12 different test-pieces used to evaluate the wettability from measurements of the contact angles.
No. symbola Pitch  (nm) Depth d (nm) Aspect ratio (f1/f2)
Designed Measured Designed Measured
1
©
1000 1056 700 703 1
2

1029 2
3

1000 1259 500 514 1
4

1148  2
5

1000 1192 300 349 1
6

1138  2
7
♦
500 529 700 656 1
8

550 2
9 500 620 500 473 1
10  536 2
11 500 592 300 212 1
12  558 2
w
r
2
f
F
o
(
d
l
b
a
d
 
f1 f2 
d a These symbols are used in Figs. 4 and 6.
here, r2 depends upon the pitch, , and the depth, d, as follows:
2 =
 + 2d
 + d (6)
.2. Fabrication of silicon samples
A lithography-based approach [16] was used to fabricate 12 dif-
erent test-pieces with periodic structures on silicon, as shown in
ig. 3 [17]. An 8-in. diameter, 725 m thick wafer with a 60 nm
xide ﬁlm was directly spin coated with electron beam (EB) resist
NEB-22, negative-type, Sumitomo Chemical Co., Ltd., Japan). The
esired pattern was drawn on the EB resist by a high-resolution EB
ithography system (JBX-9300FS, JEOL Ltd., Japan). The system is
ased on a ZrO/W Schottky emission type electron gun [18], and has
 writing capability with a minimum step of 1 nm,  minimum beam
iameter of 4 nm,  180 C/cm2 exposure, and 100 kV acceleration
Fig. 3. Parameters of the test-pieces with periodic structures consisting of square
cross section pillars fabricated on silicon utilizing photolithography (: pitch, d:
depth of the pillar, f1: width of the pillar, f2: spacing between the pillars).
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oltage. After writing the pattern, the exposed area was  developed
sing a developer (NMD-3, Dipivaloylmethane, Tokyo Ohka Kogyo
o., Japan) and the Si substrate was dry-etched in CF4 by induc-
ively coupled plasma (ICP) etching. The EB resist was stripped by
2 plasma ashing. Finally, the SiO2 was removed using buffered
ydrogen ﬂuoride.
A scanning probe microscope (SPM; Nanonavi IIs/NanoCute,
itachi High-Tech Science Co., Japan) was used to observe the scale
f the test-pieces.
.3. Measurement and evaluation of contact angle
Prior to evaluating the wettability, the test-pieces were ultra-
onically cleaned in ethanol for 10 min, and dried for 20 min  at 20 ◦C
n a thermostatically controlled chamber. Immediately after this,
 microscope (VH-E500, Keyence Co., Japan) and image-analysis
oftware (Image J, Open source) were used to measure the con-
act angles. The amount of water dropped onto the surface using a
icrosyringe was set to 1 l.
The differences in phase and shape between the theoretical and
xperimental results were compared, and the similarity was  used as
 parameter [19]. In this calculation, y was used for the independent
ariable, and x was used for the dependent variable.
. Results and discussion
.1. Geometry of the silicon sample
Table 2 shows the speciﬁcations and measured results made on
he test-pieces. The difference between the designed and measured
alues of the width and depth ranged from 3 to 26% and from 0.4 to
9%, respectively (Table 2). In order to evaluate the validity of the
enzel equation extended to 3-dimensional structures, 12 differ-
nt test-pieces were fabricated with /d ratios ranging from 0.8 to
.4, with two different values for , and three different values for d.
.2. Contact angle
Fig. 4 shows the relationship between the contact angle on the
mooth surface and that on the surface with a periodic structure
or all 12 test-pieces. The contact angles on the smooth surface, ,
anged between 51 and 58◦ (mean ± SD = 53.8 ± 2.5◦). The contact
ngles on the surface with a periodic structure, ′, ranged between
 and 105◦. The contact angle on each test-piece was  compared to
ig. 4. Distribution of the experimental results for the contact angle in the 12 test-
ieces.Fig. 5. Relationship between the change in contact angle and the geometric param-
eters of the periodic structure.
that on a ﬂat surface as the base-line. Test-pieces No.3, 5, and 6
were hydrophobic, the others were hydrophilic.
Test-piece No.6, which has  = 1000 nm,  depth d = 300 nm, and
aspect ratio A/B = 2 gave the maximum increase in contact angle
(hydrophobicity), from 55◦ to 105◦. The maximum decrease in
contact angle (hydrophilicity), from 55◦ to 5◦or less, was  found
for test-piece No.8, which has pitch  = 500 nm,  depth d = 700 nm,
and aspect ratio A/B = 2. Thus, with the application of a ﬁne peri-
odic structure to the surface, the wettability of the surface can be
controlled over a large range covering contact angles from +50◦
(hydrophobicity) to −53◦ (hydrophilicity). The control range for the
contact angle exceeds 90◦, thus, the wettability of the test-pieces
is covered by the Wenzel regime and partly by the Cassie regime.
The change in the contact angle was evaluated using the
pitch and depth of the periodic structure. The pitch of the
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[ig. 6. Comparisons between the theoretical and experimentally measured contact
ngles.
eriodic structure at which the wettability switches from
ydrophilic to hydrophobic was estimated to be between 590 and
50 nm (Fig. 5A). Additionally, the depth of the periodic structure
t which the wettability switches from hydrophobic to hydrophilic
as estimated to be between 500 and 580 nm (Fig. 5B). The inﬂu-
nce of the aspect ratio, f1/f2, on the wettability was  not large. The
bsolute value at which the wettability switches from hydrophobic
o hydrophilic may  be changed by conditions such as the shape of
he pillars and the type of material.
.3. Comparison between the theoretical and experimental results
Fig. 6 shows the theoretical results from the Wenzel equation;
-D (Fig. 6A) and 3-D (Fig. 6B). The measured results for the con-
act angles on the test-pieces that were hydrophilic (No.1–2, 4 and
–12) are used for comparison.
For the 2-D Wenzel equation, the similarity between the theo-
etical and experimental values was 0.73. Although the tendencies
ere similar, the absolute values did not agree well. On the other
and, the similarity between the theoretical and experimental val-
es for the 3-D Wenzel equation was 0.86, and the absolute values
f the theoretical and experimental results agreed well.
. ConclusionA range of test-pieces with nano-periodic structures were fab-
icated in silicon. The classical Wenzel equation was  modiﬁed
o extend it to 3-dimensional structures, which enabled us to
[
[ctuators A 212 (2014) 87–92 91
quantitatively predict the contact angle on a nano-periodic struc-
ture. The results for the contact angles calculated using the
3-dimensional Wenzel equation, which has a modiﬁed roughness
factor, r, agreed well with the results measured on the nano-
periodic structures.
We  also clariﬁed the following characteristics:
i. Although the same material is used, the wettability of the surface
can be controlled from hydrophobic to hydrophilic by varying
the contact angle by ±50◦.
ii. The threshold levels for the pitch and depth of the nano-periodic
structures for the wettability were clariﬁed experimentally.
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